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Experimental validation of a short-term Borehole-to-Ground (B2G) dynamic model 
11
In order to optimize a GSHP system as well as to improve the design,
12
special attention should be paid to the analysis of the interaction between 13 the heat pump and the ground source heat exchanger. In the last years 
18
The most important limitation of the g-function approaches is that they are valid only for a time scale greater than t b (Eq. 1), resulting in 3 to 6 hours for a typical borehole [25] . Generally, short-term regulation criteria assume an important role in GSHPs, especially considering that the fluid temperature evolution is a key 56 parameter due to its strong influence on the heat pump performance and 57 since the possible control algorithms are mostly based on it.
58
In this context, models able to accurately predict the evolution of the 
180
Vertical heat conduction is neglected, leading to the following statements:
181
• for the fluid nodes, taking into account the vertical direction advection and the heat exchange with the correspondent grout node and with the adjacent fluid node, the transient energy balance equations result in equations 2 and 3.
• for the grout inside the borehole, two separate regions are considered, as shown in Figure 2a , resulting in two different grout nodes [34] with a lumped thermal capacitance. Both nodes are interconnected by a thermal resistance R bb , and to a common ground node by the resistance R g , resulting in a delta-network different from the standard delta-network [19] , which is limited to the internal borehole geometry, as shown in Figure 1 ). Equations 4 and 5 correspond to the energy balance equations for both grout nodes.
• the last node in the thermal network at each z-depth corresponds to the ground node T g , which is connected with the two grout nodes (T b1
and T b2 ) by the same thermal resistance R g (Eq. 6).
Equations 2 to 6 conform a system of ordinary differential equations,
182
which are solved using standard numerical techniques (see section 2.3). As stated in section 1, the aim of B2G is to provide an accurate pre- Thermal capacitances.
First, the thermal capacitances C b1 and C b2 are calculated considering the volume of each grout zone, following Eq. 7 and Eq. 8.
In these equations, S b is the borehole section neglecting the pipes, D p,e 
Thermal resistances.
204
The thermal resistances between the grout and pipe nodes depend on the Since the grout zone has been divided into two nodes, R BHE has to be divided into two thermal parallel resistances which connect each pipe with the corresponding grout zone, as shown in Figure 3b . Besides, as shown in Figure 3c , each one of these parallel resistances can be separated into a convective (R h ) and a conductive term (R c ) (Eq. 10).
The conductive thermal resistance on equation 10, R c , accounts for the total conductive resistance between the pipes and the borehole wall. However the grout nodes will be located somewhere in between them, at a certaindiameter D x . Therefore, R c is divided into two different resistances ( Figure   3d ), following Eq. 11.
The resistance between the grout nodes and the borehole wall (R x ) will 210 be added to the ground thermal resistance R bg (Figure 3d ), in order to .
The convective term R h from Eq. 10 can be calculated as follows:
where D p,i is the internal pipe diameter, and N u is the Nusselt number 216 which can be calculated according to [45] .
217
The global borehole thermal resistance R BHE can be obtained by means There are different approaches to the estimation of the equivalent surface. Pasquier et al. [33] suggest to consider the sum of S gg and S p surfaces, as shown in Figure 4a . Therefore, the equivalent diameter will be calculated following the equation 15.
This allows the calculation of both conductive thermal resistances (R x and R b ) considering a semi-cylindrical conductive heat transfer (Figure 4b ), following equations 16 and 17, where k b is the thermal conductivity of the grout.
It should be pointed out that the position of the two grout nodes can conduction between them (Figure 4c) , following Eq. 18.
The terms W and dz in 18 the shank spacing and the node depth,
242
respectively.
243
An estimation of the resistance between the two grout nodes (R bb ) is also obtained assuming a one-dimensional heat transfer through the remaining surface, as shown in Figure 4d (Eq. 19).
Ground node

244
For the ground node, both the thermal capacitance C g and thermal resistance R bg depend on the penetration depth D gp of the borehole which, in turn, depends on the heat injection/extraction time and on the ground thermal diffusivity [19] . For a given penetration depth, the thermal capacitance C g can be calculated from Eq. 20.
For the calculation of the ground thermal resistance R bg , a diameter D g can be calculated as the mean diameter between the borehole D b and the penetration diameter D gp . The ground capacitance nodes C g are considered to be lumped in this diameter, allowing the calculation of the thermal resistance as a cylindrical conductive heat transfer, following Eq. 21.
Finally, the total thermal resistance R g between the grout nodes and the ground node as previously considered in Eqs. 4-6 can be calculated according to Eq. 22.
In the B2G model, the penetration depth D gp becomes an adjusting 245 parameter that will vary depending on the heat injection/extraction dura-246 tion: for longer simulation times, this parameter will take greater values.
247
However, a sensitivity analysis (section 4.2) showed that adjusting the pen- 
The time-step (∆t) used for the calculations depends on the time-step of 260 the simulation, and its maximum value is fixed by the Courant-Friedrichs-
261
Lewy (CFL) condition (Eq 28). The results are double validated using experimental data from two dif- 
339
• The values of the rest of the model parameters have been calculated 340 from the theoretical approach described in section 2.2.
341
The B2G parameters considered in the present work are shown in Table 1 342 (note that the thermal capacitances and the thermal resistances correspond to node values, and consequently, depend on the number of nodes). • C.
356
In order to further investigate the performance of the model, the com-
357
parison is extended to the internal borehole temperature profiles. Figure   358 7a shows the evolution of the water temperature for different depth nodes are neglected in the model (observed on Figure 7b , line 400 minutes).
365
The same comparison has been performed for the second step-test and 366 similar results were obtained. In fact, both Figure 8a and Figure 8b show a 367
Thermophysical properties
Ground thermal conductivity
Grout thermal conductivity
Ground volumetric thermal capacitance c g 2160 kJm
Grout volumetric thermal capacitance c b 4186 kJm
Ground thermal diffusivity α g 0.005167
Experimental mean borehole thermal resistance R bl 0.062 mKW very good agreement between the experimental and the numerical results.
368
The deviation shown in Figure 8b strictly depends on the initial conditions 369 in which a little perturbation occurs.
370
In general, the prediction of the temperature profiles is accurate and the 371 validation is considered successful. 
4.2.
Step-test (extended time)
373
In order to provide a medium-term validation, the simulation time has 
403
The results shown in Figure 9 prove that B2G results can be adjusted 
426
Results show that the best fitting is obtained locating the grout nodes 427 at the borehole wall, validating the initial assumption made in this work.
428
The absolute errors between simulated and experimental outlet temperature ing the grout nodes on the borehole wall produces the most accurate results
470
for this BHE configuration.
471
Finally, the calculation of the parameters of B2G has proven to be quite 
